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SUMMARY 
Research t o  develop h i g h  tempera ture  t r i b o l o g i c a l  c o a t i n g s  i s  v e r y  r e l e -  
van t  t o  the  needs o f  numerous advanced techno logy  s y s t e m s .  The a t tendees a t  
t h i s  workshop a re  o b v i o u s l y  aware o f  t h e  need for h i g h  tempera ture  s e l f -  
l u b r i c a t i n g  c o a t i n g s  f o r  t h e  LHR d i e s e l ,  t h e  au tomat ive  gas t u r b i n e ,  and t h e  
S t i r l i n g  eng ine .  Such c o a t i n g s  a re  a l s o  needed for a i r c r a f t  engines and for 
aerodynamic c o n t r o l  su r face  sea ls  and bear ings  f o r  superson ic  and e s p e c i a l l y  
hyperson ic  a i r c r a f t .  A t  Mach 3, aerodynamic h e a t i n g  becomes a s e r i o u s  f a c t o r  
and fo r  the  Na t iona l  Aerospace Plane ( N A S P ) ,  which w i l l  be des igned for  speeds 
up t o  about Mach 25, aerodynamic h e a t i n g  o f  t h e  a i r f r a m e  w i l l  be enormous. 
h The p r e d i c t e d  thermal  env i ronment  i n  the  v i c i n i t y  o f  t h e  c o n t r o l  su r faces ,  
m such as t h e  e levons,  i n v o l v e s  temperatures of 2000 "C and h i g h e r .  O f  course ,  




f u e l  a re  des ign  o p t i o n s .  However, i n c r e a s i n g  t h e  tempera ture  a t  which t h e  con- 
t r o l  su r face  bear ings  and sea ls  can opera te ,  reduces we igh t  and c o m p l e x i t y .  
Examples o f  nonveh icu la r  a p p l i c a t i o n s  for h i g h  tempera ture  t r i b o l o g i c a l  coa t -  
i ngs  i n c l u d e d  g lass  manu fac tu r ing  and meta l  work ing .  
Convent iona l  s o l i d  l u b r i c a n t s  such as g r a p h i t e  and molybdenum d i s u l f i d e  
(MoS2) a re  a c l a s s  o f  m a t e r i a l s  w i t h  a l a y e r  l a t t i c e  c r y s t a l  s t r u c t u r e  which 
i s  i d e a l  f o r  the  low shear s t r e n g t h  assoc ia ted  w i t h  low f r i c t i o n .  However,  
these l u b r i c a n t s  have v e r y  l i m i t e d  h i g h  temperature c a p a b i l i t i e s .  Both 
g r a p h i t e  and MoS2 o x i d i z e  i n  a i r  w e l l  below 500 "C. There fo re ,  i t  i s  neces- 
sa ry  to  c r e a t i v e l y  screen o t h e r  c lasses  o f  cand ida te  m a t e r i a l s  for  chemical  
and p h y s i c a l  p r o p e r t i e s  t h a t  a r e  l i k e l y  t o  a f f o r d  t h e  necessary combina t ion  o f  
chemical s t a b i l i t y  and l u b r i c i t y .  One o b j e c t i v e  o f  t h i s  paper t h e r e f o r e ,  i s  
to  desc r ibe  a method for t h e  s e l e c t i o n  of l i k e l y  cand ida te  h i g h  tempera ture  
solid lubricants. 
MATERIAL SELECTION 
Some m a t e r i a l  s e l e c t i o n  c r i t e r i a  a re  summarized i n  t a b l e  1 .  The f irst 
c r i t e r i o n  i s  t h a t  o f  s u r v i v a b i l i t y  i n  the  chemical and thermal  env i ronment .  
Thermochemical c a l c u l a t i o n s  a re  u s e f u l  f o r  e s t i m a t i n g  chemical r e a c t i v i t y .  
R e a c t i v i t y  i s  es t ima ted  f o r  t he  f r e e  ene rg ies  of r e a c t i o n  (AF) i n v o l v e d  i n  t h e  
assumed r e a c t i o n s  o f  t he  cand ida te  m a t e r i a l s  w i t h  t h e  env i ronment  and a t  t he  
temperature o f  i n t e r e s t .  E q u i l i b r i u m  cons tan ts  ( k )  a re  then c a l c u l a t e d  from 
t h e  f r e e  energ ies  o f  r e a c t i o n  u s i n g  t h e  equa t ion :  
A F  
TABLE I 
Selection Criteria for Composite Lubricant Coatings 
1 .  All Components: Must be Survivors 
Thermochemical stability in the chemical environment at all temperature 
Compatible thermal expansion properties. 
Adhesion to the substrate. 
of interest. 
2. Solid Lubricants: High Degree of Plasticity 
Capable of extensive plastic deformation at low shear stresses. 
Soft: Hv Typically 10 to 50 kg/mm2 at operating temperatures. 
3. Wear Control Component: hard, Wear-Resistant, stable chemically and 
structurally. 
A large positive value of AF equates to a small equilibrium constant which 
is a necessary condition for chemical stability of the reactants (in this case 
the candidate solid lubricant and the atmosphere). It follows therefore, that 
if a proposed decomposition reaction o f  a candidate solid lubricant with its 
surroundings has a large positive free energy of reaction (equivalent to a 
very small equilibrium constant), that material is likely to be stable under 
the assumed conditions. 
This approach has some limitations that must be kept in mind. One limita- 
tion is that the calculations give no quantitative indication of chemical 
kinetics. Also, under some nonequilibrium conditions, as when a gaseous reac- 
tion product is continuously removed from the reaction site, even reactions 
with small equilibrium constants may occur at an appreciable rate, especially 
at high temperatures. Nevertheless, thermochemical calculations can be very 
helpful in the selection of materials especially when these limitations are 
kept in mind. 
Hardness and ductility or plasticity are among the more important physical 
properties of solid lubricants. 
have in common are: (1) they are soft; ( 2 )  they have a high degree of plastici- 
ty. (The plasticity must be associated with a low yield strength in shear for 
lubricity, and preferably high elongation and good film coherance and continui- 
ty during sliding); and ( 3 )  they must exhibit adequate adhesion to the lubri- 
cated surfaces. (Obviously, no matter how desirable the other properties of a 
solid are, that material cannot lubricate if it is not retained at the sliding 
interface.) 
Properties that effective solid lubricants 
We have used calcium fluoride, barium fluoride, and silver as solid lubri- 
cants in our high temperature coatings. Thermochemical calculations indicate 
that these materials should be chemically stable to high temperatures in air 
or in hydrogen and this has been experimentally verified. 
temperature characteristics are given in figure l(a). Silver is very soft at 
room temperature with a hardness of about 30 kg/mm2 and this continuously 
decreases to about 4 kg/mm2 at 800 "C. 
Their hardness- 





w e l l  a t  temperatures up t o  about  500 "C,  b u t  appear t o  have inadequate f i l m  
s t r e n g t h  t o  suppor t  to  l o a d  a t  h i g h e r  tempera tures .  The f l u o r i d e s ,  on the  
o t h e r  hand, a re  c o n s i d e r a b l y  ha rde r  than s i l v e r  a t  t he  lower  tempera tures ,  b u t  
t h e i r  hardness drops o f f  r a p i d l y  w i t h  tempera ture  and a t  about  400 "C ,  t h e i r  
hardnesses a re  30 kg/mm2 o r  l e s s .  Cracks o c c u r r e d  a t  t h e  co rne rs  o f  t h e  hard- 
ness i n d e n t a t i o n s  o b t a i n e d  a t  t h e  lower tempera tures  on the  f l u o r i d e s  samples, 
b u t  comple te ly  d u c t i l e  behav io r  was observed above about  200 " C .  B r i t t l e  t o  
d u c t i l e  t r a n s i t i o n  temperatures of about  400 "C have been r e p o r t e d  f o r  these 
f l u o r i d e s  ( r e f .  1 ) .  These m a t e r i a l s  a re  known t o  be s t r a i n  r a t e  s e n s i t i v e  
( r e f .  2) ( a t  l e a s t  a t  low s t r a i n  r a t e s ) ,  and t h i s  may be a f a c t o r  i n  t h e  appar- 
e n t l y  lower  t r a n s i t i o n  temperatures i n  t h e  hardness t e s t s .  F l u o r i d e  c o a t i n g s  
have been shown t o  be l u b r i c i o u s  above 400 "C, b u t  i n e f f e c t i v e  as l u b r i c a n t s  
a t  lower temperatures ( r e f .  3 ) .  Therefore,  t h e r e  i s  an apparent  c o r r e l a t i o n  o f  
t h e  b r i t t l e  t o  d u c t i l e  t r a n s i t i o n  tempera ture  w i t h  t h e  f r i c t i o n  t r a n s i t i o n  
temperature.  
S ince s i l v e r  f i l m s  a r e  l u b r i c a t i v e  a t  t h e  lower tempera tures ,  and t h e  f l u o -  
r i d e s  d iscussed a re  l u b r i c a t i v e  a t  h i g h e r  tempera tures  than s i l v e r ,  i t  i s  rea-  
sonable t h a t  a composite c o a t i n g  c o n t a i n i n g  s i l v e r  and t h e  f l u o r i d e s  m igh t  be 
l u b r i c i o u s  ove r  a wide temperature range,  and t h i s  has been shown many t i m e s  
t o  be the  case ( e . g . ,  r e f s .  3 t o  5). 
TRIBOLOGICAL PROPERTIES 
Fused F l u o r i d e  Coat ings  
Fused f l u o r i d e  c o a t i n g s  w e r e  p repared by m i x i n g  f l u o r i d e  powders and, i n  
some cases s i l v e r  powder, i n t o  a l acquer .  The f o r m u l a t i o n  was a p p l i e d  w i t h  a 
p a i n t  sprayer ,  then fused  i n  an i n e r t  atmosphere fu rnace.  The fused c o a t i n g s  
were about 0.003 cm t h i c k .  The f r i c t i o n - t e m p e r a t u r e  c h a r a c t e r i s t i c s  o f  coat -  
i n g s  w i t h  and w i t h o u t  s i l v e r  a re  compared on f i g u r e  l ( b ) .  I t  i s  c l e a r  t h a t  
t h e  a l l - f l u o r i d e  c o a t i n g s  were l u b r i c i o u s  o n l y  above t h e i r  b r i t t l e  t o  d u c t i l e  
t r a n s i t i o n  temperature,  w h i l e  those w i t h  s i l v e r  were l u b r i c i o u s  from room tem-  
p e r a t u r e  t o  800 "C.  
The fu rnace- fused c o a t i n g s  r e q u i r e  h igh  tempera ture  p rocess ing ,  wh ich  i s  
d e t r i m e n t a l  t o  the  heat  t rea tmen t  o f  some a l l o y s .  An a l t e r n a t i v e  method i s  
plasma sp ray ing  which o n l y  m i n i m a l l y  heats  t h e  s u b s t r a t e .  
a l s o  be used t o  d e p o s i t  combina t ions  o f  m a t e r i a l s  which cannot  be a p p l i e d  by 
t h e  fu rnace  f u s i o n  process .  
Plasma s p r a y i n g  can 
Plasma Sprayed Coat ings  
We have r e p o r t e d  two s e r i e s  o f  plasma sprayed c o a t i n g s  c o n t a i n i n g  f l u o r i d e  
s o l i d  l u b r i c a n t s :  t he  P S l O O  and the  PS200 s e r i e s  (e .g . ,  r e f s .  6 and 7 ) .  The 
first s e r i e s  c o n t a i n s  s t a b l e  f l u o r i d e s  and s i l v e r  w i t h  a nichrome b i n d e r ;  t he  
second s e r i e s  c o n t a i n s  the  same l u b r i c a n t s  and chromium c a r b i d e  w i t h  a n i c k e l  
a l l o y  b i n d e r .  The p r o p o r t i o n s  o f  t h e  components can be v a r i e d  t o  o p t i m i z e  t h e  
c o a t i n g s  f o r  v a r i o u s  uses. I n  genera l ,  t h e  P S l O O  s e r i e s ,  which i s  so f te r ,  has 
been u s e f u l  where a comp l ian t ,  b u t  n o n g a l l i n g  c o a t i n g  i s  needed. An example 
o f  t h i s  t ype  o f  component ( f i g .  21, i s  a comp l ian t  s h a f t  sea l  which i s  a 
somet imes d e s i r a b l e  a l t e r n a t i v e  t o  an abradab le  sea l  i n  t u r b i n e  eng ines .  
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When ha rde r ,  more wear r e s i s t a n t  c o a t i n g s  a r e  
p r e f e r r e d .  The PS200 concept  i s  summarized on f 
ca tes ,  t he  c o a t i n g  i s  a composite m a t e r i a l  w i t h  
bu ted  th roughout  a chromium c a r b i d e l n i c k e l  a l l o y  
c o n t a i n s  10 pe rcen t  each o f  s i l v e r  and c a l c i u m  f 
t i c  i n  t h e  metal-bonded c a r b i d e  m a t r i x .  The sol 
o p t i m i z e d  f o r  a p a r t i c u l a r  s e t  o f  o p e r a t i n g  cond 
reasonab ly  cons tan t  f r i c t i o n  c o e f f i c i e n t s  o v e r  a 
needed, the  PS200 s e r i e s  i s  
gure  3. A s  t he  ske tch  i n d i -  
he l u b r i c a t i n g  s o l i d s  d i s t r i -  
m a t r i x .  A t y p i c a l  compos i t i on  
u o r i d e / b a r i u m  f l u o r i d e s  eutec-  
d l u b r i c a n t  c o n t e n t  can be 
t i o n s .  These c o a t i n g s  have 
l a r g e  tempera ture  range,  s i m i -  
l a r  to  those shown on f i g u r e  2(b> f o r  the  fused  f l u o r i d e  c o a t i n g s .  The a c t u a l  
magnitude o f  t h e  f r i c t i o n  c o e f f i c i e n t ,  a l t hough  r e l a t i v e l y  cons tan t  w i t h  t e m -  
p e r a t u r e ,  depends on c o a t i n g  compos i t i on  and t h e  atmosphere; and i s  t y p i c a l l y  
0.15 t o  0.3. 
APPLICATION TEST RESULTS 
Promis ing  r e s u l t s  have been o b t a i n e d  w i t h  PSZOO as a back-up l u b r i c a n t  i n  
comp l ian t  gas bear ings ,  as a c o a t i n g  for h i g h  speed s h a f t  sea ls ,  and as a c y l -  
i n d e r  l i n e r  i n  a S t e r l i n g  engine t e s t .  
Gas Bear ings  
F i g u r e  4 i s  a gas b e a r i n g  j o u r n a l  coa ted  w i t h  PS200 and f i n i s h e d  by  diamond 
g r i n d i n g .  S t a r t - s t o p  t e s t s  o f  t h i s  j o u r n a l  i n  a f o i l  b e a r i n g  were conducted 
u s i n g  t h e  t e s t  apparatus shown i n  f i g u r e  5. The s u r f a c e  v e l o c i t y  and t o rque  
p r o f i l e s  d u r i n g  a t y p i c a l  s t a r t - s t o p  c y c l e  a r e  g i v e n  on f i g u r e  6. The h i g h e r  
to rque  a t  t h e  b e g i n n i n g  and end o f  each c y c l e  occu rs  d u r i n g  s l i d i n g  c o n t a c t  
when the  s u r f a c e  v e l o c i t y  i s  below t h e  c r i t i c a l  l i f t - o f f  v e l o c i t y  for t h e  bear-  
i n g .  The b e a r i n g  was s u b j e c t e d  t o  5000 s t a r t - s t o p s  a t  25 " C  and ano the r  5000 
a t  560 "C w i t h  no problems.  I n  o t h e r  s i m i l a r  t e s t s ,  w i t h  PS200-coated j o u r -  
n a l s ,  t he  same number o f  t e s t  c y c l e s  were  completed w i t h  b e a r i n g  tempera tures  
up to  650 "C. 
H igh  Speed S h a f t  Seals  
PS200 has shown promise f o r  use as a s h a f t  sea l  m a t e r i a l  for  t u r b i n e  a p p l i -  
c a t i o n s .  A t  t h e  v e r y  h i g h  speeds t y p i c a l  o f  such a p p l i c a t i o n s ,  f r i c t i o n  coef -  
f i c i e n t s  as low as 0.1 and very low wear r a t e s  have been observed.  
S t i r l i n g  Engine C y l i n d e r  L i n e r  
PS200 was a l s o  eva lua ted  i n  a S t i r l i n g  engine t e s t  t o  e v a l u a t e  t h e  concept  
t h a t  improved f u e l  e f f i c i e n c y  cou ld  be ach ieved i n  t h e  S t i r l i n g  eng ine  i f  " h o t  
p i s t o n  r i n g s "  were  used. The l u b r i c a t i o n  o f  t h e  p i s t o n  r i n g l c y l i n d e r  c o n t a c t s  
i n  t h e  S t i r l i n g  engine i s  a c h a l l e n g i n g  h igh- tempera tures  t r i b o l o g i c a l  prob- 
l e m .  Meta l  tempera tures  as h i g h  as 600 t o  1000 "C occur  near t o p  dead c e n t e r  
of the  c y l i n d e r  w a l l s .  The work ing  f l u i d  i n  t h e  eng ine  thermodynamic c y c l e  i s  
hydrogen. 
t i o n  and wear, b u t  a l s o  must be thermochemica l l y  s t a b l e  i n  a s t r o n g l y  r e d u c i n g  
hydrogen atmosphere. 
The l u b r i c a n t  c o a t i n g ,  t h e r e f o r e ,  must n o t  o n l y  p r o v i d e  low f r i c -  
. 
I n  c u r r e n t  des igns  o f  t h e  S t i r l i n g  engine,  t he  p i s t o n  r i n g s  a re  made o f  
r e i n f o r c e d  p o l y t e t r a f l u r o e t h y l e n e  ( P T F E ) .  They a r e  l o c a t e d  i n  r i n g  grooves 
near  t h e  bo t tom o f  the  p i s t o n  where t h e  temperatures a r e  r e l a t i v e l y  low and do 
n o t  degrade the  PTFE.  Th i s  arrangement r e s u l t s  i n  a l o n g  annu la r  gap from t h e  
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t o p  o f  the  p i s t o n  t o  the  p i s t o n  r i n g .  Th is  gap i s  known as t h e  "appendix  gap" 
and i t  i s  t he  source o f  p a r a s i t i c  energy l osses  ( r e f .  8 ) .  I t  t h e r e f o r e  would 
be d e s i r a b l e  t o  min imize  the  appendix gap by l o c a t i n g  the  t o p  r i n g  i n  a groove 
near  t h e  t o p  o f  t h e  p i s t o n .  A schematic o f  the  r i n g  l o c a t i o n s  i n  the  b a s e l i n e  
p i s t o n  and i n  a p i s t o n  w i t h  an added h o t  r i n g  a r e  shown i n  f i g u r e  7.  I t  was 
determined by means o f  p i n  on d i s k  t e s t s  t h a t  S t e l l i t e  66 i s  a good t r i b o l o g i -  
c a l  m a t e r i a l  i n  s l i d i n g  c o n t a c t  w i t h  PS200 i n  h o t  hydrogen. 
A f o u r  c y l i n d e r  au tomot ive  S t i r l i n g  eng ine  known as t h e  Upgraded MOD I was 
used as t h e  t e s t  engine.  The engine was des igned by  Mechanical  Technology 
I n c .  ( M T I )  under a DOE c o n t r a c t  managed by t h e  S t i r l i n g  eng ine  P r o j e c t  O f f i c e  
a t  NASA Lewis Research Center .  
c y l i n d e r  bores t o  a l l o w  them t o  be coated  w i t h  PS200 and by r e d e s i g n i n g  the  
p i s t o n s  to  a l l o w  them t o  be f i t t e d  w i t h  S t e l l i t e  66 " h o t  p i s t o n  r i n g s " .  The 
eng ine  was t e s t e d  f o r  22 h r  a t  v a r i o u s  speeds and a t o p  r i n g  r e v e r s a l  tempera- 
t u r e  o f  700 "C. The r e s u l t s  were compared t o  those o b t a i n e d  i n  b a s e l i n e  t e s t s  
where the  h o t  r i n g s  were removed and rep laced  w i t h  f i l l e r  r i n g s .  T h i s  p r o v i d e d  
a d i r e c t  comparison o f  an engine w i t h  and w i t h o u t  a l o n g  appendix gap. E f f i -  
c i e n c y  g a i n  v a r i e d  from 0 t o  7 p e r c e n t  depending upon eng ine  o p e r a t i n g  cond i -  
t i o n s .  These ga ins  were ove r  and above any f r i c t i o n a l  l osses  i n t r o d u c e d  by 
t h e  " h o t  r i n g s . ' '  For example, f i g u r e  8 shows t h a t  a t  5 Mpa mean o p e r a t i n g  
p ressu re ,  no g a i n  i n  eng ine  e f f i c i e n c y  was observed a t  1000 rpm b u t  up t o  a 
7 p e r c e n t  g a i n  was measured a t  2000 and 4000 rpm. Over a l l  t e s t  c o n d i t i o n  t h e  
e f f i c i e n c y  g a i n  averaged approx ima te l y  3 pe rcen t .  Seal leakage measurements 
showed about  a 30 p e r c e n t  r e d u c t i o n  w i t h  the  h o t  r i n g s  i n  p l a c e .  I n  a d d i t i o n ,  
c y l i n d e r  w a l l  tempera ture  measurements i n d i c a t e d  l e s s  c y l i n d e r  h e a t i n g  i n  t h e  
appendix gap area.  F i g u r e  9 shows t h a t  t h i s  p r o j e c t  moved f o r w a r d  from t h e  
s e l e c t i o n  o f  m a t e r i a l s  based upon t h e i r  chemical  and p h y s i c a l  p r o p e r t i e s ,  
t h rough  exper imenta l  research  and development, t o  a success fu l  eng ine  t e s t  
t h a t  v e r i f i e d  computa t iona l  ana lyses .  
M T I  m o d i f i e d  t h e  des ign  by e n l a r g i n g  t h e  
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FIGURE 2 .  - COMPRESSOR/TURBINE SHAFT SEAL-OPERATORS AT 650 OC. 





FIGURE 4. - A FLUID FILM BEARING APPLICATION. 
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